Recently, there have been many exciting new developments relating to the use of Trichoderma spp. as agents for biocontrol of pathogens and as plant growth promoters. Several mechanisms have been proposed to explain the positive effects of these microorganisms on the plant host. One factor that contributes to their beneficial biological activities is related to the wide variety of metabolites that they produce. These metabolites have been found not only to directly inhibit the growth and pathogenic activities of the parasites, but also to increase disease resistance by triggering the system of defence in the plant host. In addition, these metabolites are also capable of enhancing plant growth, which enables the plant to counteract the disease with compensatory vegetative growth by the augmented production of root and shoot systems. This review takes into account the Trichoderma secondary metabolites that affect plant metabolism and that may play an important role in the complex interactions of this biocontrol agent with the plant and pathogens.
Introduction
Trichoderma spp. have been widely studied, and are presently marketed as biopesticides and biofertilizers, due to their ability to protect plants, promote vegetative growth and control phytopathogenic agents under different agricultural conditions [1] [2] [3] . The commercial success of products containing these fungal antagonists can be attributed to the large volume of viable propagules that can be produced rapidly in several fermentation systems [4, 5] . These fungi have also been utilized extensively as model microorganisms in studies aimed at analyzing and improving our understanding of the roles that these antagonistic fungi have in important biological interactions, for instance with crop plants and phytopathogens [6] .
The benefits of using this biocontrol agent in agriculture are strain dependent and the advantages for the associated plant include: 1) rhizosphere competence, allowing rapid establishment within the rhizosphere of a stable microbial community; 2) suppression of pathogens by using a variety of mechanisms; 3) overall improvement of plant health; 4) plant growth promotion; 5) enhanced nutrient availability and uptake, and 6) induction of host resistance similar to that stimulated by beneficial rhizobacteria [2, 7] .
Fungal strains of the genus Trichoderma are well known producers of secondary metabolites with a variety of biological activities [8] [9] [10] [11] . The term "secondary metabolite" includes a heterogeneous group of chemically different natural compounds (in general with a limited molecular weight: < 3000 daltons), possibly related to survival functions for the producing organism, such as competition against other micro-and macroorganisms, symbiosis, and metal transport [12] . Included in this group are antibiotics, which are natural products capable of inhibiting or killing their microbial competitors [13] .
The production of Trichoderma secondary metabolites is strain dependent and varies in relation to the equilibrium between elicited biosynthesis and biotransformation rates (or degradation by other microbes) [14] . These substances belong to a variety of classes of chemical compounds that were classified by Ghisalberti and Sivasithamparam [8] into three categories: i) volatile antibiotics, i.e. 6-pentyl--pyrone (6PP) and most of the isocyanide derivatives; ii) water-soluble compounds, i.e. heptelidic acid or koningic acid; iii) peptaibols, which are linear oligopeptides of 12-22 amino acids rich in -aminoisobutyric acid, N-acetylated at the N-terminus and containing an amino alcohol (Pheol or Trpol) at the C-terminus [15, 16] .
Plant growth regulators
Antibiotic production is often correlated with biocontrol ability, and the application of purified metabolites have been found to show effects on the host and pathogen similar to those obtained by using the corresponding living microbe [3] . In addition to direct activity against phytopathogens, some Trichoderma spp. produce compounds that can cause substantial changes in the metabolism of the host plant. In particular, increase in plant productivity is evident when plant seeds are exposed to conidia that are separated from them by cellophane, suggesting that Trichoderma metabolites can not only influence the plant growth, but also act as signal compounds [17] .
Some Trichoderma strains are capable of enhancing plant biomass production, promoting lateral root growth through an auxindependent mechanism [18] and/or are able to produce indole-3acetic acid (IAA) or auxin analogues [19] .
Cutler et al. [20, 21] and Parker et al. [22] [23] [24] reported the isolation, identification and biological activity of secondary metabolites produced by T. koningii (koninginins A-C, E, G; 1-5) and T. harzianum (6-pentyl--pyrone; 6), that acted as plant growth regulators. These metabolites had a concentration-dependent activity in a wheat coleoptile assay (phytotoxic activity detected at 10 -3 M, but not at 10 -4 M).
Four metabolites with carotane skeletons, trichocaranes A -D (7-10), were isolated from Trichoderma virens. These compounds significantly inhibited the growth of etiolated wheat coleoptiles at 10 -4 and 10 -3 M [25] . On substrates with high C/N ratios, T. virens produces a metabolite similar to the antibiotic viridin (11) called viridiol (12) that acts as a plant growth inhibitor [26] . This compound is also an inhibitor of 5'-hydroxyaverantin dehydrogenase, an enzyme involved in aflatoxin biosynthesis [27, 28] . While examining azalea galls for the presence of fungi that may produce plant growth regulators, Cutler and Jacyno [29] isolated Trichoderma harzianum in a pure culture, fermented on solid media and examined the crude extract for biologically active natural products. As a result of bioassay-directed isolation, the secondary metabolite, (-)-harzianopyridone (13) was found. This metabolite exhibits plant growth regulating properties [29] .
Recently, another nitrogen heterocyclic compound with growth promotion activity, named harzianic acid (14) , has been purified from the culture filtrate of a strain of Trichoderma harzianum isolated from composted hardwood bark [30] . Growth of canola seedlings was affected by treatments with harzianic acid in a concentration dependent manner [30] .
The dual culture of T. harzianum and calli of Catharathus roseus produced an antimicrobial compound named trichosetin (15) . This compound however, was not produced in the individual culture of either T. harzianum or C. roseus callus and seems to be produced by the fungus [31] . Dual culture of a fungus and a plant provide a simple method of establishing plant-fungus interaction and allow isolation of metabolites induced by one of the system components. Trichosetin affects the root and shoot growth of several plant species [32] and is a N-desmethyl analogue of equisetin (16), a tetramic acid isolated from Fusarium equiseti [33] .
Cyclonerodiol (17), a simple sesquiterpene isolated from the culture filtrate of T. koningii [34] and T. harzianum [35] , exhibited plant growth regulatory effects [34] . Harzianolide (18) and its derivatives deydro-harzianolide (19) and T39butenolide (20) have been isolated from different strains of T. harzianum [36] [37] [38] [39] . Antifungal activities against several plant pathogens have been reported and plant growth promotion effects were also detected for harzianolide [40] .
A novel metabolite, named cerinolactone (21), has been isolated from culture filtrates of Trichoderma cerinum, together with the three known butenolides 18, 19 and 20. Compound 21 showed antifungal activity against some plant pathogens and altered the growth of tomato seedlings three days after treatment [41] . The dose-effect response of plant growth and development to Trichoderma secondary metabolites clearly deserves further investigation [40] . Trichoderma secondary metabolites may possibly act as auxin-like compounds, which typically have an optimum activity at low concentrations (10 -5 and 10 -6 M) while having an inhibitory effect at higher doses [42, 43] . Recently, some data confirm a concentration-depending plant growth regulation activity of Trichoderma secondary metabolites. In particular, an auxin-like activity was observed on etiolated pea (Pisum sativum) stems treated with 18 and 6, which also affected the growth of tomato (Lycopersicum esculentum) and canola (Brassica napus) seedlings [40] .
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Siderophores
Numerous microorganisms associated with roots have the ability to increase plant growth and productivity. In a few cases, this effect has been suggested to involve solubilization of otherwise unavailable mineral nutrients.
Trichoderma spp. produce organic acids, such as gluconic, citric and fumaric acids, which decrease soil pH and allow the solubilization of phosphates, micronutrients and mineral cations like iron, manganese and magnesium, useful for plant metabolism, especially in neutral or alkaline soils [17, 2] .
Iron is an essential nutrient due to its required metabolic function. As a transition metal, its redox properties allow it to exist in two oxidation states, ferrous (Fe 2+ ) and ferric (Fe 3+ ) for the donation and acceptance of electrons, respectively. Therefore, sufficient iron supply is a necessity for survival. Although iron is one of the most abundant elements on earth, bioavailability is low in aerobic environments (in the presence of oxygen and at neutral pH), primarily because ferric iron reacts with oxygen to form insoluble ferric hydroxides. To maintain iron homeostasis regulated strategies for the careful control of iron uptake, utilization, and storage have evolved in different organisms [44] .
Some antagonistic microorganisms react to limiting iron conditions by using a high-affinity iron uptake system based on the release of Fe 3+ -chelating molecules, called siderophores. Although siderophores have an important function in many phytopathogens, their production by microorganisms can be beneficial to plants for two reasons: i) siderophore formation can solubilize iron unavailable for the plant [45] ; ii) siderophore production by nonpathogenic microorganisms can also suppress growth of pathogenic microorganisms by depriving the pathogens of iron [46] .
Most fungi produce more than one siderophore. The variety of siderophores produced by an organism can be restricted to a particular structural family but, in a number of cases, the fungus synthesizes these metabolites from different structural families [47] . Anke et al. [48] isolated siderophores from all different structural families simultaneously from a culture filtrate of Trichoderma spp. In particular, under conditions of iron deficiency the culture filtrate contained coprogen (21) , coprogen B (22) , fusarinine C (23, also called fusigen) and ferricrocin (24) .
Fe-chelated siderophores are taken up by plants and provide iron to them. If similar compounds are produced by Trichoderma, they would be readily available to plants since the fungus is located on root surfaces [49] .
Altomare et al. [50] demonstrated that some compounds released by T. harzianum (strain T-22) are able to chelate iron. With regard to the chemical nature of the complexing substances, organic acids were not detected in T-22 culture filtrates. Purification and characterization of the siderophores produced by the commercial strain T-22 has not been carried out.
Induction of plant defence response
Different classes of metabolites may act as either elicitors or resistance inducers during the interaction of Trichoderma with the plant [2, 51, 52] . These molecules include: i) proteins with enzymatic activity, such as xylanase [53] ; ii) avirulence-like gene products able to induce defence reactions in plants [2] ; and iii) lowmolecular-weight compounds released from either fungal or plant cell walls by the activity of Trichoderma enzymes [2, 51, 52] . Some of the low-molecular-weight degradation products released from fungal cell walls were purified and characterized, and found to consist of short oligosaccharides comprised of two types of monomers, with and without an amino acid residue [51, 52] . These compounds elicited a reaction in the plant when applied to leaves or when injected into root or leaf tissues. Further, they also stimulated the biocontrol ability of Trichoderma by activating the mycoparasitic gene expression cascade [51] .
Some Trichoderma secondary metabolites may act as elicitors of plant defence mechanisms against pathogens. A reduction of disease symptoms on tomato and canola seedlings treated with purified secondary metabolites and inoculated, respectively, with the pathogens Botrytis cinerea or Leptosphaeria maculans has been reported. A positive effect was obtained by using 6, 13 and 18 for both canola and tomato plants. RT-PCR analysis carried out by using primers for chitinase IV, PR-1 and endochitinase, indicated that treatments with the purified fungal compounds induced an over-expression of the tested defence genes in planta [40] .
Moreover, soil drench applications of 6, four days before inoculation with Fusarium moniliforme, showed considerable suppression of seedling blight and substantial plant growth promotion, compared with the untreated control. In the presence of 200 mg/L 6PP, both shoot and root developments were increased and higher dry weights were achieved compared with the control. Application of 6 on maize seedlings distinctly enhanced the activities of peroxidase, polyphenoloxidase and β-1,3-glucanase in both shoot and root tissues indicating an induction of defence responses in maize plants [54] .
Peptaibols may represent another novel class of elicitors of plant defence produced by Trichoderma. Exogenous application of alamethicin (25), a long sequence peptaibol with a 20-residue, produced by T. viride, has been shown to induce defence responses in Phaseolus lunatus (lima bean) [55] and Arabidopsis thaliana [56] . In lima bean these responses include biosynthesis of volatile compounds and salicylate biosynthesis; while, A. thaliana showed increased production of methyl salicylate.
Disruption of the non-ribosomal peptide synthetases (NRPS) gene, tex1, results in the loss of production of all forms of 18-residue peptaibols in T. virens. Cucumber plants co-cultivated with T. virens strains disrupted in tex1 show a significantly reduced systemic resistance response against the leaf pathogen Pseudomonas syringae pv. lachrymans, and reduced ability to produce phenolic compounds with inhibitory activity to the bacteria as compared with plants grown in the presence of the wild-type. Two synthetic 18amino-acid peptaibol isoforms when applied to cucumber seedlings Thus, the results of these experiments indicated that different classes of Trichoderma secondary metabolites are directly involved in the activation of plant defence genes and in the communication of these beneficial microorganisms with the plant.
Conclusion
Several Trichoderma secondary metabolites have been isolated using antibiotic guided chromatography in order to identify compounds involved in the interaction with phytopathogenic agents.
In this review we report the Trichoderma natural products that have an effect on plants, in particular as growth regulators and/or elicitors of diseases resistance.
Trichoderma is able not only to produce toxic compounds with a direct antimicrobial activity against pathogens, but also to generate fungal substances that are able to stimulate the plant to produce its own defense metabolites. In fact, the ability of T. virens to induce phytoalexin accumulation and localized resistance in cotton has already been discussed [58] . In cucumber, root colonization of T. asperellum T-203 caused an increase in phenolic glucoside levels in the leaves; the corresponding aglycones are strongly inhibitory to a range of bacteria and fungi [59] .
Numerous studies indicated that metabolic changes occur in the root during colonization by Trichoderma spp., such as the activation of pathogenesis-related proteins (PR-proteins), which induce in the plant an increased resistance to subsequent attack by numerous microbial pathogens. The induction of systemic resistance (ISR) observed in planta determines an improved control of different classes of pathogens (mainly fungi, oomycetes and bacteria), which are spatially and temporally distant from the Trichoderma inoculation site. This phenomenon has been observed in many plant species, both dicotyledons (tomato, pepper, tobacco, cotton, bean, cucumber) and monocotyledions (corn, rice). Moreover, Trichoderma can cause an overall increased production of defense-related plant enzymes, including various peroxidases, chitinases, β-1,3-glucanases, and the lipoxygenase-pathway hydroperoxide lyase [1, 7, 60] .
The physical interaction between Trichoderma and the plant was observed by electron microscopy to be limited to the first few cell layers of plant epidermis and root outer cortex. The hyphae of the biocontrol agent penetrate the root cortex but the colonisation by Trichoderma is stopped, probably by the deposition of callose barriers by the surrounding plant tissues [61] . This interaction evolves into a sort of symbiotic relationship with a direct molecular cross-talk between the fungus and the plant [2, 58, 59] . Trichoderma secondary metabolites can act as elicitors that activate the expression of genes involved in the plant defence response system, and promote the growth of the plant, root system and nutrient availability (Figure 1) .
A detailed study is important for the identification of compounds that are not expressed under standard laboratory conditions [62] . New techniques, such as metabolomics, could provide novel information about these complex interactions, in particular about the ability of some Trichoderma metabolites to affect plant metabolism.
The isolation of compounds that affect plant metabolism (or the "metabolome") may help to overcome the problems related to use of living microorganisms through the introduction of biopesticides and biofertilizers based on the bioactive molecules responsible for the desired beneficial effects on crops. The application of Trichoderma metabolites to induce host resistance and/or to promote the plant growth may become a reality in the near future, as they can be produced inexpensively in large quantities on an industrial scale, easily separated from the fungal biomass, dried and formulated for spray or drench applications.
